INTRODUCTION
The cleavage of phosphatidylinositols by phospholipase C during receptor activation yields inositol trisphosphate (IP3) and diacylglycerol (DG) (reviewed in Hokin, 1985) . IP3 leads to the release of calcium from intracellular storage sites (Berridge and Irvine, 1984) and DG activates protein kinase C (PKC), a key modulator of signal transduction (Nishizuka, 1984 (Nishizuka, , 1986 . DG causes PKC to become tightly associated with membranes, as do the tumour-promoting phorbol esters which are analogues of DG. Phorbol esters are not metabolized and induce a prolonged association of PKC with membranes. The tumorigenicity of phorbol esters is believed to be due to their action on PKC, but other phorbol ester-binding proteins have been characterized Maruyama and Brenner, 1991) . These proteins presumably also bind DG and may be activated by it. There is also evidence for the involvement of DG in ras cell transformation. A cytosplasmic protein that inhibits the GTPase activity of ras is activated by DG (Tsai et al., 1990) , and transformation of 3T3 cells by ras produces an increase in DG levels and a decrease in the membrane-bound activity of the enzyme diacylglycerol kinase (DGK) (Huang et al., 1988; Kato et al., 1988) .
Diacylglycerol kinase (DGK) converts DG to phosphatidic acid (PA), leading to the resynthesis of phosphatidylinositols (Berridge and Irvine, 1984; Hokin, 1985) . Consequently, DGK may regulate PKC and other DG-binding proteins by controlling the intracellular concentration of DG. The production of PA by DGK may have other effects, as PA is a potential growth factor (Moolenaar et al., 1986; Yu et al., 1988) . Until recently, no eukaryotic DGK genes had been cloned, and the involvement of the enzyme in signal transduction remains poorly understood. DGKs appear to be a diverse set of proteins, with immunologically and enzymologically distinct species ranging in size from 80 to 280 kDa (reviewed in Kanoh et al., 1990) . Porcine and clusters of polar amino acids. dDGK is transcribed in the embryonic, pupal and adult stages, with little expression during the larval stages. Transcripts of 1.7-2.2 kb, 3.5 kb, 3.7 kb and 6.6 kb are seen, although most of the smaller transcripts may be from genes with similarity to dDGK. In stage-16 and stage-17 embryos, dDGK transcripts are limited to the central nervous system and head. There is a particularly high level of expression in the cell bodies of the larval photoreceptor organ, and in the cell bodies of the ventral unpaired median neurons. The dDGK protein may be involved in regulating signal transduction in these specific neurons.
human DGK cDNAs have been obtained using partial amino acid sequences derived from purified DGKs of 80 and 86 kDa respectively Schaap et al., 1990) . The predicted proteins encoded by these two cDNAs are highly similar, showing 93 % identity and differing in length by only one amino acid.
It would be informative to characterize DGK in a species more amenable to genetic and molecular manipulation. An obvious choice is Drosophila, a system in which three PKC genes have already been isolated (Rosenthal et al., 1987; Schaeffer et al., 1989 ). Mutants have been described for one of these PKC genes (Smith et al., 1991) , and a Drosophila retinal degeneration mutant, rdgA, is defective in DGK activity in the eye (Inoue et al., 1989) . These mutants could prove useful in the characterization of any DGKs identified in Drosophila.
We report here the cloning of a Drosophila gene encoding a protein with similarity to the mammalian DGKs, and show that its expression in late embryos is specific to the central nervous system and head.
MATERIALS AND METHODS Standard procedures
Standard procedures were used in the preparation, blotting and hybridization of DNA and RNA, and in the screening of cDNA libraries (Sambrook et al., 1989) .
Low-stringency library screening The entire human DGK cDNA (Schaap et al., 1990) 
ACACCAATCACACCCACCACTCCGAATGCCGCATCAAGTGTGCTGCAGCAACAACAGCAACAGCATCTCCAGTTCGAGCAGCAACAGAAG 900
GTCAAGTTCCACCTGGAGCGTGAGAAGAACCCGCACAAATTCAACAGCCGCATGAAGAACAAGCTGTGGTACTTCGAGTATGCAACATCC 1080 Figure 1 DNA sequence and conceptual translation of the 2.2 kb dDGK cONA Double underlining indicates clusters of polar amino acid residues; single underlining the repeated amino acid sequence P-X-T. The amino acid residues marked with asterisks comprise a putative ATP-binding site. The position of the 5' end of the 3.4 kb cDNA, which is identical with the 2.2 kb cDNA in the region of overlap, is marked with an arrowhead at nucleotide 568.
were prehybridized for 4 h at 42°C, and then hybridized for 16-18 h at 42 'C after the probe was added. Whole-mount in situ hybridization to embryos Hybridization of digoxigenin-labelled DNA probes to wild-type (Canton S) embryos was performed as described by Tautz and Pfeifle (1989) . Embryos were staged as described by CamposOrtega and Hartenstein (1985 A 1.8 kb BamHI-HindIlI fragment was subcloned from the 3.4 kb cDNA and used to screen a 3-12-h embryonic AgtlO cDNA library (Pool et al., 1985) . A 2.2 kb cDNA was isolated and sequenced. This cDNA has a much shorter 3' untranslated region than the previous cDNA, and is lacking in a consensus polyadenylation signal and poly(A)+ tail (Figure 1 ). The two cDNAs are identical in sequence in the region of overlap. The 2.2 kb cDNA has a single large open reading frame extending from nucleotide 31 to 1629. The first AUG codon occurs at nucleotide 79, although there are numerous other AUG codons further 3'. None of these AUG codons has a good match to the sequence context expected for a translation initiation codon (Cavener, 1987) and the first AUG has been selected to encode the putative intiator methionine in Figure 1 . The predicted protein is 517 amino acids long with a calculated molecular mass of 57 kDa. The C-terminal region of this protein shows strong similarity to the C-terminal region of the predicted human DGK. In a 236 amino acid overlap there is 52.5 00 identity between the proteins (Figure 2) . N-Terminal to the region of strong identity between the dDGK protein and human DGK the similarity between the two proteins breaks down completely. The Nterminus of the dDGK protein is enriched for polar amino acid residues. There are clusters of threonine residues (8 of 10 residues; amino acids 6675), serine residues (8 of 11 residues; amino acids 97-107) and glutamine residues (16 of 19 residues; amino acids 152-170, and 10 of 14 residues; amino acids 260-273). Aside from proteins with clusters of polar amino acids, the Drosophila protein is not significantly similar to proteins other than the mammalian DGKs in searches of current databases. An Escherichia coli DGK (Loomis et al., 1985) 
Figure 4 Expression of dDGK transcripts in late embryos
Stages are according to Campos-Ortega and Hartenstein (1985) . (a Northern blots bearing poly(A)+ RNA from various developmental stages of Drosophila ( Figure 3) were hybridized with dDGK probes. Smeary multiple transcripts are seen in the size range of about 1.7-2.2 kb. From additional blots it appears that there are at least three transcripts in this size range (results not shown). Faint bands are seen at 3.5 and 3.7 kb in addition to a transcript of 6.6 kb. The 6.6 kb transcript is expressed in the adult head but not in the body. Expression of all transcripts is weak or non-existent in the larval stages. Despite extensive screening of cDNA libraries from embyronic, larval and pupal stages, no transcripts of 6.6 kb have been isolated.
The spatial distribution of dDGK mRNA during development was examined by RNA in situ hybridization experiments using whole-mount embryos from various stages. First observed around the cellular blastoderm stage (stage 5), dDGK transcripts are fairly evenly distributed throughout the embyro during the early stages of embryogenesis (results not shown). Beginning around late stage 14/early stage 15 (Figure 4a) , and proceeding to the end of embryogenesis, expression is particularly strong in the developing head and central nervous system. From late stage 16 onwards specific clusters of cells in the ventral nerve cord and head exhibit increased levels of dDGK transcription (Figures 4b-4e) .
Within each abdominal segment of late (stage 16/stage 17) embryos there is a cluster of at least six cells showing high levels of dDGK transcript (Figures 4b and 4d ). These clusters of cells are located ventrally on the midline in the ventral nerve cord, and we believe that they are the cell bodies of the ventral unpaired median neurons (VUMs). The VUMs exist as groups of six neurons and two glial support cells, and earlier in development they are involved in the formation of the commissures (Klambt et al., 1991) .
The bilateral clusters of the cells expressing dDGK mRNA in the head appear to be the cell bodies of Bolwig's nerve, the larval visual organ (Bolwig, 1946; Steller et al., 1987) . The 12 cell bodies of the Bolwig's photoreceptor neurons are clustered tightly near the pharyngeal muscles. We can detect transcript in at least eight of these cell bodies, but not in their axons.
Work on mammalian DGKs suggests that they comprise a diverse set of proteins. Thus it is quite likely that there will be more than one DGK in Drosophila. During our cDNA screens it became apparent that there are transcripts other than those from dDGK which are similar to dDGK probes. Numerous cDNAs of 2.2 kb or less in size have been isolated which weakly hybridize with dDGK, and their corresponding mRNAs may account for much of the signal seen on Northern blots in the 1.7-2.2 kb size range. The strong signal in this size range is probably a reflection of high levels of expression. We do not yet know if these transcripts encode proteins with similarity to the dDGK protein.
The in situ hybridizations to embryos have been repeated with probes containing various pieces of the dDGK cDNA to check that the expression pattern is due to dDGK transcripts and not related sequences. In all cases, a pattern of cell-specific labelling identical with that seen with whole dDGK probes is observed (results not shown). Therefore we are confident that the cellspecific transcripts are derived from dDGK. It may be that some of the weaker signals seen throughout the head and central nervous system are due to cross-homology to other transcripts.
DISCUSSION
We have isolated and characterized a Drosophila gene (dDGK) with strong similarity to the mammalian DGKs. A cDNA of 2.2 kb in length has been sequenced and shown to encode an open reading frame of 517 amino acids. The last 236 amino acids of this predicted protein show 52.5 % identity with the C-(a) (c) Drosophila gene with similarity to diacylglycerol kinase 443 terminal region of human DGK. The identity becomes 64 % if the following groups of conservative changes are included: MILV; FYW; ST; AG; DE; NQ; RK. Although the Drosophila protein has not been assayed for DGK activity, this degree of similarity with a biochemically characterized DGK suggests a similar if not identical function, and it is likely that the catalytic domain of the DGKs is located at the C-terminus. Regulatory domains and possibly substrate-binding sites would then lie in the N-terminal region, the structure of which could differ between DGKs depending on their particular DG substrate. It is likely that DGKs vary in their substrate specificities, as the acyl chain composition of the DG substrate can affect the level of DGK activity (MacDonald et al., 1988) . The N-terminus of the dDGK protein is very different from that of human and porcine DGK, and it will be of interest to see if proteins with similarity to this domain can be found in other species.
There are a number of distinctive features in the dDGK protein N-terminal region, including clusters of the polar amino acids serine, threonine and glutamine. Stretches of polyglutamine occur in numerous Drosophila genes (Wharton et al., 1985) , many of them transcription factors. Glutamine-rich and serine/threonine-rich sequences are seen in a number of transcriptional activation domains, and may be involved in protein-protein interactions (Mitchell and Tjian, 1989; Pugh and Tjian, 1990; Ruvkun and Finney, 1991) . In addition to being rich in polar amino acids, the N-terminus has the motif P-X-T repeated four times from amino acid residue 240 to 251 ( Figure  1 ). There are at least four other proteins with similar repeats. The herpes simplex virus-infected cell protein ICP34.5 (Chou and Roizman, 1986) has ten copies of the motif P-A-T and a Drosophila hobo transposable element protein has six copies of the repeat P-E-T (Streck et al., 1986) . The COUP transcription factor (Wang et al., 1989) has six copies of the motif P-X-T, although two of the threonine residues are substituted by other amino acids. Drosophila TFIID has three copies of P-X-T, close to a stretch of polyglutamine (Hoey et al., 1990) . The significance of the P-X-T motif in these proteins is unknown, but COUP and TFIID are DNA-binding proteins, and it is likely that the hobo protein is as well. The function of ICP34.5 is unknown.
It is interesting to note that the N-terminus of the dDGK protein has sequences similar to those seen in various DNAbinding proteins, as the N-termini of the mammalian DGKs also bear sequences reminiscent of structures found in transcription factors. The mammalian DGKs Schaap et al., 1990) have two copies of a cysteine-rich domain (CRD) very similar to that seen in the phorbol ester-binding proteins, PKC (Parker et al., 1986) , n-chimaerin and the product of the unc-13 gene (Maruyama and Brenner, 1991) . This CRD is necessary for high-affinity phorbol ester binding by PKC (Ono et al., 1989; Burns and Bell, 1991) and n-chimaerin . As phorbol ester is an analogue of DG, the CRD is almost certainly the site of DG binding in these proteins. It is tempting to speculate that the CRDs of the mammalian DGKs also bind DG even though they are not high-affinity phorbol ester receptors (Ahmed et al., 1991) . As the DGKs would be binding DG as a substrate rather than a ligand, it is perhaps not surprising that their CRDs do not bind phorbol ester with high affinity. The CRD has a similar distribution of cysteines to that of the DNA-binding zinc fingers of the steroid hormone receptors Ahmed et al., 1991) , and it binds phorbol ester in a zinc-dependent fashion (Ahmed et al., 1991 , no Ca2+-dependence has been observed for human DGK (Schaap et al., 1990) . The mammalian DGKs have two amino acid stretches that match the protein kinase ATP-binding site consensus sequence Gly-X-Gly-X-X-Gly-X1520-Lys (Hunter, 1987) . Although the dDGK protein does not contain a perfect match to this consensus, it does have a glycine-rich stretch with a neighbouring lysine [amino acid residues 225-274 (Figure 1) (Schaeffer et al., 1989) , and mutants have been identified in the structural gene (Smith et al., 1991) . These mutants may provide both genetic and molecular routes to understanding how DGK participates in signal transduction.
Note added in proof (received 30 October 1992)
A transcript from the gene as dDGK, encoding a larger protein of 791 amino acids, has recently been described (Masai et al., 1992) . The transcript of Masai et al. is expressed in the same embryonic pattern as ours, and their larger predicted protein exhibits additional similarity to mammalian DGK.
